This paper investigates the friction and wear properties of the fresh and soot-contaminated API CF-4 and CI-4 diesel engine oil using the SRV4 tribometer. It was found that the comprehensive wear properties of CI-4 oil was better than those of the CF-4 oil. Tests of the fresh and contaminated CF-4 oil in combination with two types of rings of different surface treatment showed discriminations, and these discriminations also reflected on the CF-4 oil tests with test rings of different surface coatings.
Introduction
The diesel engine oil of API CI-4 category was introduced in the 2002, used for the high speed, four stoke engines designed to meet the US 2004 exhaust emmission standards implemented in 2002 (Europe IV&V emission standard included). CI-4 oils are formulated to sustain engine durability where exhaust gas recirculation (EGR) is used and are intented for use with disel fuels ranging in sulfur content up to 0.5 mass% [1] . The CI-4 oil can be used in place of the previous CD, CE, CF-4, CG-4 and CH-4 oils. Comparing with the diesel engine oil of API CF-4 category, the CI-4 oil has excellent soot dispersion capacity, being able to avoid components wear, oil thickening and supply difficulties caused by soot. Diesel soot interferes with the lubricant oil, furthermore leading to increase wear. The soot-contaminated oil also increases its viscosity and causes pumpabilily problems [2] . Beside, the CI-4 oil has superior cleanness and dispersiveness than CF-4. Most important, the CI-4 has outstanding anti-wear performance. Except for lubricants, surface treatment and coating techniques on the engine components are of importance to their operational performances for long-time healthy running. Many engine OEMs, aiming to reduce components wear therefore save energy, have done many works on various surface treatments on the engine components, including nitrocarburizing, tinning, phosphating, chroming, nitriding and thermal spraying technique,etc [3] . Luricating oil acts as a flowing wear-reducer during engine running, so it is necessary to investigate the integrated effects from both lubricants and engine mechanical components.
This study investigated the friction and wear properties of the fresh and soot-contaminated API CF-4 and CI-4 diesel engine oils with the cylinder liner and ring test parts coming from the DCI11 diesel engine. Cylinder liner and piston ring assembly is the most important and critical friction couple in an operating internal combustion engine (ICE), and its frictional power consumption accounts for more than half of the whole mechanical friction loss of ICE [4] . Improvements on the lubrication condition of the cylinder liner and piston ring friction couple are very important to improve the overall fuel economy performance of the engine. And the service life of the engine can be extended through reduction on the friction loss of that couple. Besides the wear dates obtained from the two oils and specified oil with different test specimens, the technical supports on optimizing the lubrication scheme and the components surface treatment technology to meet the requirements of engine are provided through investigations.
Experimental materials and methods
A SRV4 tribometer is used in the experiment. Specimen package consisted of a lower cylinder liner and an upper piston ring. Both were pieces cut off from the full-size cylinder liner and piston ring couple of DCI11 diesel engine (Fig. 1, Table 1 ). The specially designed and manufactured specimen's holders were used. Two 15W-40 CF-4 and CI-4 diesel engine oils, formulated by PetroChina and designated by DongFeng as the factory fill lubricants for their DCI11 engine, were investigated. The physical and chemical properties of the oils above are shown in Table 2 . More Zinc Dialkyl Dithiophosphates (ZDDP) was in the formulation of CI-4 aiming to improve the anti-wear property of this oil. Also, the nitrogen for the CI-4 was relatively higher, illustrating that more ash less dispersant was added; the sulphated ash, mainly from the detergent with a small amount in the ZDDP, was slightly higher in content for the CI-4 oil. Beside, the viscosity increases for two oils from Mack-T8 engine test (ASTM D5967, T8A for CF-4 and T8E for CI-4), when the soot content is 2.7 mass% for both oils, are 5.27 mm 2 ·s -1 for CF-4 and 1.77 mm 2 ·s -1 for CI-4 respectively, illustrating that the CI-4 oil has better soot dispersion capacity than CF-4 oil.
The two oils were investigated under the simulated experimental conditions of the SRV4 tribometer. The test parameters including the load, oil temperature, stroke length and testing frequency, chosen from the real operating conditions of the DCI11 diesel engine, were investigated to obtain the relatively better results discriminations. Among them, the oil temperature during tests was set higher than the real oil operating temperature (100～120°C) to improve the test severity and the stroke length of the upper sectioned piston ring's movement to the lower cylinder was also set higher to obtain obvious wear on the cylinder. After the different experimental parameter packages were investigated, we finally used the 500 N contact load with the 150°C oil temperature, the 3 mm stroke length and the 15 Hz testing frequency to conduct the whole subsequent tests. During 3 hrs' test, the coefficients of friction (μ) calculated by the friction signal analysis (FSA) program and the electrical resistance which indirectly reflects the oil film thicknesses in the contact zone were monitored. The wear depth and the three-dimensional shape of the used cylinder liner (Fig.  2) were measured using the surface topographic profiler after test. Figure 3 shows the friction coefficients of the CF-4 and CI-4 oils with the testing couple, the upper piston ring specimen coming from the 2nd piston ring of the DCI11 diesel engine and being nitrided.
Results and discussion

Test results of fresh oils
It is illustrated in Fig. 3 that the CF-4 lubricant achieved the steady-state of μ readings at 0.133 after 38 mins test duration while the CI-4 oil's dropped to 0.150 after 14 mins. Measurements on the surface topographic profile of the used lower cylinder liner specimen of the CF-4 oil gave maximum wear depth at 1.68 μm, whereas the CI-4 oil yielded this data at 0.99 μm. These results suggest that the CI-4 oil is quicker in oil film formation and the wear resistance is slightly better than that of the CF-4 oil. This may be caused by more ZDDP added to CI-4. Figure 4 shows the friction coefficients of the CF-4 and CI-4 oils contaminated with soot (conventional pigment black with the average primary particle size of 29 nm, 3 mass%) with the same test specimen used for the fresh oil. The three-dimensional shapes (cross profiles appended) of the two used cylinder liners are given in Fig. 5(a), (b) . Fig. 4 that the CI-4 oil showed steady-state of μ reading at 0.161 to some extent after 100 mins while CF-4 oil showed very unsteady μ tendency after 100 mins within the range of 0.170～ 0.225 during process. Measurements on the topographic profile of the used lower specimens of the CF-4 and CI-4 oils yielded the maximum wear depth at 7.32 and 3.86 μm respectively. These results suggest that the anti-wear performance of the CI-4 oil in suppressing the friction and wear caused by soot is obviously superior to that of CF-4 oil.
Test results of oils contaminated with soot
It is found in
The electrical resistance of the CF-4 test oil contaminated with soot (3 mass%) is shown in Fig. 6 . Comparing the steady resistance value of the fresh oil (1.532 Ω), the value of the contaminated oil was 0.062 Ω. It is illustrated that the soot introduced has significant destructive effects on the oil film formation 3.3. Friction and wear performance of oils with different test rings of different surface treatments CF-4 oil was run on different test couples to determinate its performance with two different types of rings, which were 1st ring (chrome plate) and 2nd ring (nitrided) respectively. Here we used the relatively inferior CF-4 oil to conduct the tests to highlight the functions of surface treatments technologies applied on the test rings, other than the functions of lubricant oil (Reason also being applied for the soot contaminated CF-4 oil with test rings of different surface coating, Part 3.4). Figure 7 gives the friction coefficients of fresh oil for each type of the ring and Fig. 8 shows the results of the soot contaminated oil (3 mass%).
It can be seen from Fig. 7 that the friction coefficients obtained from the fresh oil were relatively stable with the two types of rings. The CF-4 oil tested with 1st ring achieved the steady-state of μ readings at 0.123 and yielded the maximum wear depth of the lower cylinder at 0.58 μm while the values for the test with the 2nd ring were 0.133 and 1.68 μm. Fig. 8 illustrates that after the CF-4 lubricant was contaminated with soot, for the test with 1st ring, the μ tendency was within the range of 0.148～0.157 and the maximum cylinder wear depth was 1.86 μm. And in the test with the 2nd ring, the μ tendency showed larger fluctuations within 0.170～0.225 and the cylinder wear was 7.04 μm. The test results above show that using the CF-4 lubricant, the 1st ring has better tribology performance than that of the 2 nd ring.
3.4. Friction and wear performance of oils with test rings of different surface coating Soot contaminated CF-4 oil (3 mass%, soot) was run on different test couples to determinate its performance with two 1st rings (chrome plate) of different surface coatings, which were Diamond Like Coatings (DLC) made at workshops in Anhui Province (DA) and Hangzhou, Zhejiang Province (DH) respectively. Figure 9 gives the friction coefficients of the contaminated oil for each type of the ring comparing with the conventional test ring (chrome plate) and Figure 10 is the electrical resistance in the contact zone.
From Fig. 9 it can be seen that after the ring surface is coated with DA, the μ tendency became worse as the fluctuation was unstable within 0.096～0.133, and the wear depth was 1.27 μm. However, the μ curve of the contaminated oil with the DH coated ring was very stable, with the steady-state friction coefficient of 0.140 and final wear depth of 1.05 μm.
The results above suggest that after the test rings were coated, both μ curves descended, the wear depth values decreased also. But the contaminated oil with the DA coated ring showed unstable μ and unstable electrical resistance after 131 mins test duration (fluctuated within 0.331～0.687 Ω). This instability seems that the conventional surface treatment process applied with the DA coating needs to be further improved. The friction and wear properties of the oils became worse after they were contaminated with soot, which were reflected in the obvious increases in the μ friction curve, wear depth values and electrical resistance. However, these values generated by soot-contaminated CI-4 oil were lower than those from the contaminated CF-4. The results indicate that the CI-4 oil has obvious advantage in the soot suppressing capacity. 2) Using the CF-4 lubricant, the 1 st ring (chrome plate) has better tribology performance than that of the 2 nd ring (nitrided). 3) On the coated rings, both μ curves descended, and the wear depth values also decreased using the CF-4 lubricant contaminated with soot (3 mass%). But the μ tendency of the contaminated oil with the DA coated ring was unstable, suggesting that the conventional surface treatment process applied with the DA coating needs to be further improved. All the above conclusions were accepted by DongFeng Commercial Vehicle Technical Center for guidance on their production methods optimization.
